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About AM Connect 
AM Connect is a two-day cross-border event on Additive Manufacturing (AM) that brings 
together industry representatives and researchers from Austria and Slovenia. The conference 
focuses on industrial applications, current research, and cross-border collaboration, and is 
organised within the ADDCIRCLES project under the INTERREG SI–AT programme, co-funded by 
the European Regional Development Fund. 

The conference aims to: 

Share knowledge and expertise in AM across borders
Create networking opportunities between industry and research institutions
Strengthen the Slovenia–Austria AM community
Explore current developments and future trends in AM
Highlight innovative AM projects and solutions
Provide exhibition opportunities for industry stakeholders

Target group: Industry professionals and researchers working in Additive Manufacturing 

Conference Topics 
The technical program is structured around the following themes: 

Smart Additive Manufacturing – AI, Process Monitoring & Digital Twins
AM for High-Impact Applications
Industrial-Scale Additive Manufacturing – From Prototyping to Production
Process Innovations in Additive Manufacturing
Advanced Materials for Next-Generation Additive Manufacturing
Performance & Performance Enhancement in Additive Manufacturing
European and National AM Projects and Initiatives
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Program Overview

Day 1 – 3 December 2025 
Industry & Innovation Focus – Advancing Industrial Applications & Business 
Opportunities in AM 

08:15–09:00 – Registration & Coffee 
09:00–09:30 – Opening Session with Representatives from Regional Authorities 
09:30–10:15 – Keynote 1 – Politics Meets Production: The Future of Additive Manufacturing in 

the EU | Johannes Gartner 
10:15–10:45 – Exhibitor Spotlight 
11:15–13:00 – Session 1: Smart Additive Manufacturing – AI, Process Monitoring & Digital Twins 
14:00–15:15 – Session 2: AM for High-Impact Applications 
15:45–17:00 – Session 3: Industrial-Scale Additive Manufacturing – From Prototyping to 

Production 
17:00–18:30 – Exhibition & AM World Café 
19:30–22:00 – Conference Dinner 

Day 2 – 4 December 2025 
Research, Projects & Initiatives – Cutting-Edge Research & Emerging Innovations 

08:30–09:00 – Registration & Coffee 
09:00–09:45 – Keynote 2 – Advancing Human Health Through Design for Additive Manufacturing 

| Serena Graziosi 
09:45–11:15 – Session 5: Process Innovations in Additive Manufacturing 
11:45–13:15 – Session 6: Advanced Materials for Next-Generation AM 
14:35–16:05 – Session 7: Performance & Performance Enhancement in AM 
16:05–17:15 – Session 8: European & National AM Projects & Initiatives 
17:15–17:30 – Closing Session & Farewell Networking 
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Day 1 – Industry & Innovation Focus 
Keynote 1: Politics Meets Production: The Future of Additive 
Manufacturing in the EU 
Johannes Gartner, Delft University of Technology, NL 

Johannes Gartner discusses how European industrial policy, innovation funding and regulation 
interact with the rapid development of Additive Manufacturing. The keynote explores AM as a 
strategic technology for resilience, competitiveness and sustainability in European industry, 
linking political initiatives and industrial needs. Particular emphasis is placed on how cross-
border platforms, standards and ecosystems can help Europe move from pilot projects to large-
scale industrial impact. 

SESSION 1 – SMART ADDITIVE MANUFACTURING – AI, PROCESS 
MONITORING & DIGITAL TWINS 
What Can Boost Competitiveness of Additive Manufacturing? – New 
Processes, New Machines, New Materials 
Franz Haas, Institute of Production Engineering, Graz University of Technology, AT 

This talk outlines three major levers for making AM more competitive: process innovations, 
machine concepts and advanced materials. Examples include novel powder-based processes, 
hybrid machine architectures and research on materials such as magnesium alloys for laser 
powder bed fusion. The contribution highlights how coordinated advances in all three 
dimensions are essential to reduce cost, improve quality and open new application fields. 

Inline Process Monitoring Systems for Additive Manufacturing of Metals – 
Added Value for Detection of Flaws and Predictive Maintenance 
Thomas Grünberger, LKR Ranshofen, AT 

Grünberger presents inline monitoring concepts for metal AM, combining sensor systems with 
data analysis to detect defects during production. The contribution discusses how process 
signatures can be used for early identification of flaws, assessment of component quality and 
predictive maintenance of AM equipment. Use cases illustrate benefits for reduced scrap rates 
and more stable industrial production. 
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Monitoring and Closed-Loop Control of the DMLS Process to Improve the 
Microstructure and Mechanical Properties 

S GmbH, DE 

This presentation focuses on selective laser melting / direct metal laser sintering (DMLS) and 
shows how real-time monitoring and feedback control can be employed to steer energy input 
and solidification behaviour. By linking process parameters to microstructure and mechanical 
performance, the work aims to enable adaptive control strategies that ensure consistent part 
properties across builds and machines. 

Prediction of the Fatigue Lifetime of Components Produced via Endless Fibre 
Reinforced Extrusion-Based Additive Manufacturing 
Florian Arbeiter, Montanuniversitaet Leoben, AT 

Florian Arbeiter discusses extrusion-based AM of continuous fibre-reinforced components and 
the challenges of predicting their fatigue behaviour. The contribution considers material models, 
load scenarios and experimental testing, with the goal of establishing design-relevant lifetime 
predictions. This supports the use of endless-fibre AM parts in safety-critical or long-life 
applications. 

SESSION 2 – AM FOR HIGH-IMPACT APPLICATIONS 
About Additive Manufacturing Designs in the Hot Core of an Aircraft Engine 
Fabrice Giuliani, Combustion Bay One e.U., AT 

Giuliani reviews design concepts for AM components operating in the hot section of gas turbines 
and aircraft engines, such as combustor parts or nozzles. The talk highlights how AM-enabled 
geometries can improve thermal management, flow control and weight, while also addressing 
constraints such as material performance, certification and manufacturability. 

Innovation vs. Tradition: The Role of Additively Manufactured Metal 
Implants in Modern Medicine 
Igor Drstvenšek, University of Maribor, SI 

This contribution contrasts conventional manufacturing routes for medical implants with AM-
based solutions. It emphasises personalised geometries, lattice structures and surface 
adaptations enabled by AM, and discusses clinical opportunities and regulatory hurdles. The talk 
illustrates how AM complements, rather than simply replaces, traditional implant production. 
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Additive Manufacturing of High-Performance Ceramic Materials 
Martin Schwentenwein, Lithoz GmbH, AT 

Schwentenwein presents ceramic AM technologies capable of producing dense, high-
performance oxide and non-oxide ceramics. The contribution covers material development, 
process chains, sintering and achievable properties, with application examples from healthcare, 
energy and industry where ceramics’ thermal and chemical robustness are essential. 

SESSION 3 – INDUSTRIAL-SCALE AM – FROM PROTOTYPING TO 
PRODUCTION 
Scalability of Production Using Hybrid Additive Manufacturing and Injection 
Moulding for Low-Batch Applications 
Alen Šapek, Additio d.o.o., SI 

This talk explores process chains that combine polymer AM with injection moulding to 
economically serve low-volume production. By using AM to create inserts, tools or preforms, and 
injection moulding for the final parts, companies can scale from prototypes to small series 
without investing in full conventional tooling. Practical examples illustrate cost and lead-time 
benefits. 

Parametric Design Meets Robotics in Custom Additive Manufacturing 
Johannes Braumann, University of Arts Linz, AT 

Braumann discusses workflows where parametric design tools are coupled with robotic 
fabrication for highly customised AM parts. The presentation highlights toolpath-aware 
geometry generation, robot kinematics and material behaviour, showing how digital design and 
robotic deposition can be integrated for bespoke components in architecture, design and 
industry. 

From Vision to Value: Large-Format Additive Manufacturing 
Erik Paessler, CEAD B.V., NL 

Paessler addresses large-format thermoplastic extrusion systems and their role in producing 
sizeable tools, moulds and structural parts. Topics include machine architecture, process 
window, materials and quality assurance. Case studies demonstrate how large-format AM can 
shorten development cycles and replace or complement traditional fabrication of big structures. 
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Day 2 – Research, Projects & Initiatives 
Keynote 2: Advancing Human Health Through Design for Additive 
Manufacturing 
Prof. Serena Graziosi, Politecnico di Milano, IT 

Serena Graziosi highlights the role of design for AM in creating medical devices and health-
related products that are lighter, more functional and better tailored to patients. The keynote 
covers topology optimisation, lattice structures, and patient-specific geometries, alongside 
regulatory and validation aspects that must be addressed to bring AM-designed medical 
products safely into clinical use. 

SESSION 5 – PROCESS INNOVATIONS IN ADDITIVE MANUFACTURING 
Dynamic Photopolymers: Paving the Way for Sustainable 3D Printing 
Elisabeth Rossegger, Polymer Competence Center Leoben & Graz University of Technology, AT 

Rossegger presents dynamic photopolymer networks for vat photopolymerisation, aimed at 
improving recyclability, repairability and lifetime of printed parts. By introducing reversible 
bonds and adaptable polymer architectures, these materials enable reprocessing and healing 
while maintaining performance, supporting more circular use of photopolymers in AM. 

Multi-Criteria Approach for Multi-Axis Printing in Additive Manufacturing 
Julian Bosch, EOS GmbH, DE, with co-authors from CUAS and KED-Engineering, AT 

Bosch proposes a decision framework for choosing between conventional 3-axis fused-filament 
fabrication and multi-axis printing strategies. Criteria such as surface quality, support 
requirements, build time and reachable geometries are considered. The contribution explains 
how a decision criterion can guide users towards the most suitable printing approach for 
complex parts. 

Additive manufacturing of high-performance materials. Advanced alloys and 
beyond 
Ivan Goncharov, Alfonso Additive, IT 

Goncharov discusses additive manufacturing strategies for high-performance materials, drawing 
on projects in powder metallurgy and AM. He compares advanced powder production routes 
with AM processes for steels, superalloys, intermetallics, high-entropy alloys and ceramics, 
aiming to show how tailored powders and AM enable components for extreme environments 
beyond the reach of conventional processing. 
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Towards Full-Field Thermal Monitoring During Additive Manufacturing 
Process Using Simulation- & ML-Based Virtual Sensing 
Monika Stipsitz, Silicon Austria Labs GmbH, AT 

This contribution investigates combining physics-based thermal simulations with machine-
learning-based virtual sensing to reconstruct temperature fields inside a part during AM. By 
fusing limited sensor data with models, the method aims to deliver full-field thermal information 
in near real time, which could be used for process control and quality assurance. 

SESSION 6 – ADVANCED MATERIALS FOR NEXT-GENERATION AM 
New Advances on Additive Manufacturing of Al Alloys for Space Applications 
Riccardo Casati, Politecnico di Milano, IT 

Casati presents recent research on aluminium alloys tailored for space applications and 
processed by AM. The talk discusses alloy design, process parameter optimisation and post-
treatments to achieve high strength, reliability and performance under demanding service 
conditions such as vacuum, radiation and thermal cycling. 

functionalWOOD2print – Binder-Jet 3D Printing of Tough Biobased 
Structural Materials with Functional Surfaces 
Doris Kapl, Wood K plus, AT, with co-authors 

This work explores binder-jetting of wood-based powders and bio-based mixtures to create 
structural components with functionalised surfaces. The contribution details powder selection, 
flowability, infiltration strategies and mechanical performance, as well as the potential for 
integrating additional functionalities while maintaining a largely bio-based material system. 

Sustainability in Additive Manufacturing – Influence of Powder Reuse on 
High-Temperature Strength in L-PBF of Ti-6Al-4V 
Benjamin Meier-Leeb, Carinthia University of Applied Sciences, AT 

This contribution studies how repeated reuse of Ti-6Al-4V powder in laser powder bed fusion 
affects the high-temperature mechanical behaviour of printed parts. By examining 
microstructure and strength after different reuse cycles, the work aims to balance 
sustainability—through powder reuse—with the need for reliable, high-performance 
components. 
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Mechanical Properties of Carbon and Natural Fibers – TPU Composites for 
Additive Manufacturing Applications 

uate School, SI, with co-authors 

Vaupot investigates thermoplastic polyurethane composites reinforced with carbon and natural 
fibres for extrusion-based AM. The study addresses compounding, printability and resulting 
mechanical performance, comparing synthetic and natural reinforcement. The goal is to move 
towards more sustainable yet mechanically capable filament materials for structural AM 
applications. 

Unlocking New Functionalities and Improved Properties in Material 
Extrusion Additive Manufacturing Through Dynamic Covalent Chemistry 
Janez Slapnik, Faculty of Polymer Technology, SI 

This talk focuses on polymers for material-extrusion AM that incorporate dynamic covalent 
bonds. Such materials can enable self-healing, reprocessing and adaptive mechanical behaviour. 
The contribution discusses material design, processing windows and how dynamic chemistry 
can be harnessed without compromising printability or dimensional stability. 

SESSION 7 – PERFORMANCE & PERFORMANCE ENHANCEMENT IN AM 
Design Optimisation for Additive Manufacturing 
Damir Godec, University of Zagreb, HR 

Godec reviews design-for-AM and optimisation strategies that leverage the geometric freedom of 
AM while respecting manufacturing constraints. Examples include topology optimisation, lattice 
design and part consolidation, illustrated with industrial case studies. The talk emphasises the 
importance of integrating design optimisation with process knowledge to fully exploit AM’s 
potential. 

Tuning Quasi-Zero Stiffness in Additively Manufactured Kresling Structures 
via Silicone Encapsulation and Infill Design 
Carina Emminger, Johannes Kepler University Linz, AT, with co-authors 

This contribution examines origami-inspired Kresling structures produced by material-extrusion 
AM and subsequently encapsulated in silicone elastomers. By varying infill parameters and 
silicone layer properties, the authors tune quasi-zero-stiffness regions in the force–displacement 
response. Potential applications include vibration isolation and adaptive mechanical systems. 
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Tailor-Made Conductive Thermoplastic Filaments for Extrusion-Based FDM 
Printed Strain Sensing in Thermoset Composites 
Arunjunai Raj Mahendran, Wood K plus, AT 

Mahendran’s talk addresses the development of electrically conductive thermoplastic filaments 
that can be printed onto or into thermoset composite structures to act as strain-sensing 
elements. The contribution covers materials formulation, processing and basic 
electromechanical characterisation, illustrating how AM can be used to integrate sensing directly 
into structural components. 

The Effect of the Number of Thermal Cycles on the Mechanical Properties of 
Parts Fabricated by Laser Powder Bed Fusion 
Snehashis Pal, University of Maribor, SI 

Pal investigates how repeated thermal cycling during laser powder bed fusion—caused, for 
instance, by complex scan strategies or multi-layer reheating—affects the mechanical properties 
of printed parts. The study discusses changes in microstructure, residual stresses and strength, 
and points to strategies for controlling or mitigating detrimental thermal-cycle effects. 

SESSION 8 – EUROPEAN & NATIONAL AM PROJECTS & INITIATIVES 
This closing session presents selected European and national projects related to Additive 
Manufacturing, including Horizon Europe and INTERREG initiatives. It highlights cross-border 
collaborations between Slovenia and Austria, outlines project goals and main achievements, and 
invites participants to engage in future joint activities and funding opportunities. 
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Multi-Criteria Approach for Multi-Axis Printing 
in Additive Manufacturing 

Julian Bosch 1, Mathias Brandstötter2, Ziad Khalil3 

EOS GmbH, Robert-Stirling-Ring 1, 82152 Krailling, Germany1

ADMiRE Research Center, Carinthia University of Applied Sciences, 
Europastraße 4, 9524 Villach, Austria2

KED-Engineering Ingenieurbüro Maschinenbau, Industriezeile 54, 
5280 Braunau am Inn, Austria3

Corresponding Author: julian.bosch@eos.info

Abstract—This work presents a systematic approach to 
defining a decision criterion (DC) for choosing between 
conventional 3-axis Fused Deposition Modeling (3A-FFF) 
and advanced Multi-Axis FFF (MA-FFF). While 3A-FFF is 
limited in handling complex geometries, MA-FFF offers 
greater design flexibility and improved mechanical 
properties through additional degrees of freedom. However, 
a structured framework to determine when MA-FFF is 
advantageous has been missing. The proposed methodology 
evaluates kinematics, printing strategies, and economic 
factors across three modules: identifying feasible processes, 
defining evaluation criteria, and applying a weighted 
decision matrix. Its effectiveness is demonstrated with a 
curved pipe case study, comparing FFF strategies in terms of 
cost, quality, productivity, and mechanical performance. 
Results show MA-FFF’s potential for specific applications, 
though progress in slicing software remains essential to fully 
exploit its benefits. The paper concludes with practical 
implications and future directions to support industrial 
adoption of MA-FFF. 

I. INTRODUCTION

Additive manufacturing (AM), particularly the 3 Axis 
Fused Deposition Modeling (3A-FFF) process, has 
established itself as a fundamental and successful 
manufacturing technique across various industries in 
recent years [1, 2]. Its flexibility, cost-effectiveness, and 
ability to produce diverse geometries make the 3A-FFF 
process suitable for prototype development, and small-
scale manufacturing. Despite these successes, the 3A-
FFF process faces limitations, particularly in producing 
parts with complex geometries or high load-bearing 
requirements. 

A promising extension of the 3A-FFF process is the 
Multi Axis Fused Deposition Modeling (MA-FFF) 
technology [3], which offers greater design freedom and 
improved mechanical properties. Although research and 
initial commercialization exist, clear criteria for its 
efficient application are still lacking. Current studies 
show that MA-FFF can outperform 3A-FFF in 
mechanical properties, post-processing, or material use 
[4–6]. However, there is a lack of comprehensive 
understanding regarding the conditions under which 

MA-FFF technology is superior and when traditional 3A-
FFF might yield comparable or even better results. 

The aim of this work is to bridge this gap and provide a 
clear distinction between the two methods. By analyzing 
kinematics, printing techniques, and economic aspects, a 
reproducible methodology will be developed to evaluate 
which process is most suitable for the production of 
specific components. The significance of this research lies 
in establishing a scientifically grounded decision criterion 
(DC) for FFF printing strategies.

II. LIMITATIONS OF 3A-FFF

The stair-stepping effect, resulting from the layer-by-layer 
deposition of material, is one of the most well-known 
defects in 3A-FFF printing, produces visible steps that 
reduce surface quality [7, 8].  Many printing errors in the 
3A-FFF process arise from the influence of gravity, as the 
extruded material, due to its low viscosity, does not form 
self-supporting structures [9]. This particularly leads to 
deformations and inaccuracies in print details for 
overhangs, cantilevers, and bridges. While smaller bridges 
(15-25 mm) and overhangs up to 40° can be printed 
without significant errors, larger geometries necessitate 
the use of additional support structures [10–13]. The 
support structures are a crucial but limiting component of 
the 3A-FFF process. They enable the printing of complex 
geometries like overhangs but increase material 
consumption, printing time, and require post-processing 
for removal, which incurs additional costs [14, 15, 16]. 

II. DECISION CRITERIA

The decision criteria (DC) was derived using a 
structured utility value analysis approach. Based on 
literature review and expert evaluation, qualitative and 
quantitative criteria such as cost, part quality, 
productivity, and mechanical performance were selected.  
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Each criterion was weighted according to its relevance 
for industrial FDM applications. The resulting weighted 
decision matrix enables consistent process selection by 
linking measurable performance data with qualitative 
assessments. 

The DC is located in the pre-process of the production 
sequence. The pre-process characterizes the initial 
phase, which includes all preparatory measures, from 
evaluating the print file to setting up the machine before 
the actual printing process. In particular, the DC is
positioned here between the evaluation of the 3D data 
and the generation of the machine code. At this point, 
the decision must be made as to which specific printing 
process will be selected for the component. The pre-
process thus forms the framework in which the DC is 
applied.

The approach to developing the DC represents a 
systematic approach to solving a multi-criteria decision 
problem. Clearly defined steps are followed, which act 
as a deterministic algorithm and lead to consistent 
results with the same input parameters [17]. The DC is 
divided into three main module parts, which make it 
possible to identify the optimal production process 
based on various criteria. 

Fig. 1. The DC as a black box. 

III. 5.3   PRACTICAL APPLICATION AND DEMONSTRATION

The demonstrator component is a curved pipe that
serves as a thin-walled connector for a ventilation duct. 
The 3D view of the part is shown in Fig. 2. Costs are 
weighted at 50% due to their critical impact on economic 
viability. Part quality is weighted at 25% to ensure the 
necessary surface finish. Productivity is weighted at 15% 
to adhere to the tight schedule. Mechanical 
requirements are weighted at 10% to ensure the 
structural integrity of the component.

  Tab. 1. Decision matrix for the curved ventilation pipe.

The evaluation highlights clear differences between the 
printing strategies. The axial MA-FFF method receives 
the lowest rating of 3.5 points, as the improved 
mechanical properties are not relevant for this 
component. The Inclined Layer Printing (ILP) strategy 
and the 3A-FFF method score similarly, with ratings of 
3.7 and 3.6 points, respectively. Both are suitable for 
producing high-quality parts but have specific 
drawbacks. The MA-FFF strategy for curved structures 
achieves the highest rating of 4.6 points, offering the best 
combination of part quality and production costs, making 
it the optimal choice for this component.

The demonstrator component was printed and evaluated 
using both the 3A-FFF and MA-FFF methods to assess the 
practical applicability of the DC. In the 3A-FFF process, 
the part quality exceeded expectations, though challenges 
such as the stair-stepping effect and poor surface finish 
due to support material were encountered. The 
evaluation of part quality was slightly improved. In the 
MA-FFF process, the part quality met high expectations 
and was rated 5.

Fig. 2. Manufactured components. 

IV. CONCLUSIONS

The practical implementation and evaluation of the 
components using both the 3A-FFF and MA-FFF
methods demonstrates that the theoretical inputs and 
ratings were largely confirmed. Minor deviations 
between theoretical assumptions and actual results were 
observed, but these had only a minimal impact on the 
overall assessment. These deviations are attributed to 
the fact that the original ratings were based on 
experiential values. With increasing user experience, 
results become more precise, leading to more accurate 
evaluations. The practical printing results confirm the 
theoretical evaluations of the DC. The developed DC
represents a robust and methodologically sound tool for 
evaluating and selecting FFF printing methods. 
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Abstract This study evaluates different methods for
fabricating silicone elastomers, comparing conventional 
mould casting with direct and gel-supported 3D printing. 
Standardized specimens made from Sylgard 184 were tested 
for mechanical properties and dimensional accuracy. Results 
show that cast parts generally exhibit superior strength and 
precision, although air entrapment can compromise quality. 
In contrast, 3D printing enables more complex geometries but 
remains limited in performance. 

I. INTRODUCTION

Since additive manufacturing became widely available 
to the broader public, it profoundly changed many areas 
of manufacturing. One of the biggest impacts has been in 
personalized healthcare. Here the main materials used 
are metal alloys, thermoplastic polymers and UV-curable 
resins. In addition, silicone elastomers play a major role 
in healthcare. However, despite extensive research efforts 
[1], only a small number of commercially available 
printer systems exist today. 

An early system for silicone 3D printing was developed 
by GermanReprap (now part of innovatiQ [2]), which 
employed a heat source to cure a two-component 
silicone. Subsequent iterations introduced a second 
printhead for support material, enabling the fabrication 
of more complex geometries. 

Another approach resembles the freeform reversible 
embedding method described by Hinton et al. [3], in 
which the printed silicone is deposited into a support gel 
that counteracts gravitational deformation. This enables 
the fabrication of complex parts without additional 
support structures. After printing, the part can be cured 
either by heating the entire medium or by allowing the 
silicone to cure at ambient conditions. A commercial 
implementation of this technique is offered by Rapid 
Liquid Printing [4]. 

This study evaluates these silicone 3D-printing 
methods and compares them with the traditional rapid 
tooling approach of printing a mould from thermoplastic 
material and casting the silicone part within it. 

II. METHODOLOGY

To ensure comparability with existing literature, all 
specimens were fabricated using the widely available 
silicone elastomer Sylgard 184 (Dow Chemical, Midland, 
US). Prior to processing, the two components were 
thoroughly mixed in a container of suitable size and 
subsequently degassed for 5 min to remove entrapped air. 
The prepared material was then transferred into syringes 
equipped with Luer-Lock adapters and used either for 
direct printing or for casting the test specimens. For the 
evaluation of mechanical properties, standardized ISO 
tensile specimens were produced, while printing 
parameters were additionally investigated by fabricating 
dome-shaped structures to assess accuracy and resolution. 

Casting moulds were additively manufactured from PLA 
using a Prusa XL (Prusa Research, Czech Republic) 
equipped with a 0.4 mm nozzle and the default print 
settings provided in PrusaSlicer 2.9.2. After printing, the 
moulds were coated with two layers of mould release agent. 
The silicone was injected using a syringe actuated by a 
pneumatic piston. The filled moulds were then left to cure 
under ambient conditions for 72 h before demoulding. 

All silicone structures intended for printing were 
prepared using PrusaSlicer 2.9.2, with a fixed layer height 
of 0.2 mm, a single perimeter, and 100% rectilinear infill. 
The printing speed was set to 20 mm/s. For direct silicone 
printing, a core-XY 3D printer frame was equipped with a 
vipro-HEAD 3/3 endless piston extrusion head (Viscotec, 
Germany). Layer curing by heat and infrared radiation was 
achieved using a 1.5 kW halogen lamp mounted on the rear 
of the x-axis and positioned 20 mm above the nozzle tip. 
The material was deposited onto a glass build platform 
through a 0.4 mm blunt Luer-Lock needle. 

For gel-supported printing, the hydrogel support 
medium was prepared following literature procedures [3]. 
A total of 6 g of Carbopol 940 (Lubrizol, United States) was 
dispersed in 500 mL of water, thoroughly mixed, and 
repeatedly degassed. The dispersion was then mixed with 
5 mL of 1M NaOH to initiate gelation. After storage at 4 °C 
for at least 24 h, the gel was transferred into a suitable 
container for use as a support bath. The deposited silicone 
cured gradually at room temperature, after which the 
solidified component was carefully extracted from the gel. 
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All printed and cast specimens were mechanically 
characterized using a uniaxial servo-hydraulic testing 
system operated at a piston speed of 50 mm/min. 
Dimensional resolution and geometric accuracy of the 
fabricated samples were further analysed using 
computed tomography (CT) scanning. 

III. RESULTS

Test specimens and sample components were 
successfully fabricated using all three investigated 
strategies. Casting of the specimens and components was 
achieved reliably with the described technique. Figure 1 
illustrates the opened mould containing the tensile 
specimens. The mould cavities filled completely, with 
only a small amount of flashing observed between the 
mould halves. For cast specimens, mould design was a 
crucial factor, as even minor air entrapments could lead 
to optical imperfections and initiate mechanical defects 
within the manufactured parts. Furthermore, particular 
care was required during degassing and injection of the 
material into the mould to minimize the risk of void 
formation. 

Fig 1: Opened mould with cast tensile specimens 

Direct printing of silicone was also successfully 
accomplished. However, both direct printing and gel-
supported printing posed distinct challenges. For direct 
printing with infrared-assisted curing (Fig. 2a), the 
exposure time had to be adapted carefully to the 
geometry of the printed part. If the exposure time was too 
short, the deposited silicone remained soft and was 
unable to support subsequent layers, whereas excessively 
long exposure times resulted in thermal degradation of 
the material. 

Gel-supported printing also produced parts 
successfully as shown in Figure 2b. The key parameter 
was extrusion rate. Insufficient extrusion reduced 
connectivity, while excessive extrusion caused visible 
surface defects and distortions. 

Mechanical testing revealed that both cast and directly 
printed specimens exhibited excellent mechanical 
properties with comparable performance. In terms of 
dimensional resolution and surface quality, casting 
achieved the highest fidelity, as the resolution was 
limited only by the accuracy of the mould. In contrast, 
direct printing produced smoother but less sharply 
defined geometric features due to the low viscosity of the 

silicone and the compliance of the surrounding gel. 

Fig. 2: (a) Direct additive manufacturing of a silicone structure using IR 
curing, (b) Silicone structure suspended in gel support bath 

IV. CONCLUSIONS

All three investigated methods proved to be viable 
processes for producing silicone components for medical 
applications. 

Casting generally achieved the highest resolution and 
geometric accuracy, as the fidelity of the final component 
directly reflected the precision of the mould. However, the 
design and fabrication of moulds can become particularly 
complex for medical applications, especially when freeform 
geometries are required. While highly accurate, this 
complexity limits the practicality of casting for 
individualized or intricate medical parts. 

In contrast, direct and gel-supported 3D printing offer 
greater design flexibility, enabling the fabrication of 
complex or patient-specific geometries without the need for 
elaborate moulds. Gel-supported printing, in particular, 
provides stability for freeform structures that cannot be 
realized through direct extrusion alone. 

Future work should focus on optimizing printing 
parameters, improving curing strategies, and expanding 
the material palette to further close the performance gap 
between printed and cast silicone components. 
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Abstract—The temperature distribution within a sample
during the manufacturing process is a key factor influencing
the final sample quality, and would, thus, be an invaluable
input for process control. In this work, we investigate
if ML-based virtual sensing combined with physics-based
simulations can be a useful tool for reconstructing the full
temperature distribution within a sample with sufficient
accuracy and speed to enable real-time monitoring during
the print process. We present a novel approach to design a
training dataset based on randomized geometries, and show
that a neural network trained on this data generalizes well
to variable and previously unseen geometries. We evaluate
the approach for the standard calibration cube at various
intermediate printing states and environment conditions.
The high predictive accuracy obtained on the randomized
dataset suggest a realistic path towards real-time monitoring.

I. INTRODUCTION

Accurate knowledge of the temperature distribution
within a sample during additive manufacturing (AM) is
essential for controlling the final print quality. Traditional
monitoring approaches rely on high-fidelity physics-
based simulations, such as finite element methods [1].
While accurate, these simulations are computationally
intensive and difficult to scale for real-time process
control. Also, they require unrealistically detailed knowl-
edge of the system (boundary conditions, latent heat
distribution, etc.). Experimental alternatives like infrared
thermography and pyrometry provide surface-level tem-
perature data but cannot capture internal thermal histo-
ries [2], and are costly. To address these limitations, re-
cent research has explored data-driven surrogate models
(including neural networks [3] and Gaussian processes
[4]) trained on simulation or experimental data to enable
rapid thermal predictions. However, these models often
lack robustness across varying geometries and process
parameters. Emerging physics-informed machine learn-
ing methods, such as Physics-Informed Neural Net-
works (PINNs), offer a hybrid approach by embedding
physical laws into learning frameworks, improving gen-

eralization and physical consistency [5], [6]. However,
if the underlying PDEs are only approximate models
(which is often the case in AM due to simplifications
like constant material properties or ignoring latent heat),
then enforcing them strictly during training can lead
to biased or incorrect predictions. Also, PINNs struggle
with handling irregular or evolving geometries (like a
growing melt pool).

In this work, we investigate a physics-based machine
learning approach that leverages data from physics-
based simulations and combines it with (in this pre-
liminary study, artificial) measurement data to infer the
internal temperature distribution in a manufactured part
during the build process. To ensure generalization to
different (growing) geometries, we employ a novel strat-
egy for designing random geometries for model training.
We present first results of this ongoing research, which
demonstrate high predictive accuracy, suggesting a vi-
able path forward for real-time, non-intrusive thermal
monitoring during the AM process.

II. APPROACH

(1) Modelling of AM process: To generate synthetic
training data for the temperature field prediction task,
we employ a simplified finite element (FE) simulation
model that captures key aspects of the additive man-
ufacturing process. At each discrete time step, a cubic
volume element (side length a = 0.4 mm) representing
newly deposited material is added to the domain. A
fixed heat input, denoted by hmax, is applied locally to
the newly added cube to mimic the deposition of hot
material. Material elements deposited in previous time
steps retain a fraction α of their previous heat input,
reflecting the decrease of heat contribution over time.
The FE model solves the transient heat equation over
the evolving geometry, and records the resulting 3D tem-
perature distribution at each time step. For simplicity, we
use plastic material properties in this study, however, we
have previously proven for electronic system monitoringCopyright Notice

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

19



that our approach is feasible for highly-conductive and
mixed materials as well [7].

For this initial study, the approach is evaluated for
the standard calibration cube. For ease of transferring
the data from the FEM simulation to the employed
ML model, we rasterize the test geometry (see Fig. 1).
The rasterized model is obtained from the gcode of the
system using a custom python script to transfer the
print path to the scriptable CAD tool FreeCAD. While
this rasterization limits the application to real-world
geometries, it is not strictly necessary for our approach,
and will be lifted in future work.

We conduct transient FE simulations using the open-
source FE solver Elmer. The boundary conditions (BC)
consist of a Dirichlet BC at the bottom of the system
representing a constant bed temperature Tbed, and Robin
BCs with a constant ambient temperature Tamb and heat
transfer coefficient αair representing convective cooling
on all outer surfaces of the system. Note, that for simplic-
ity convective cooling uses constant parameters (Tamb,
αair) on all the outer surfaces. However, the simulations
are set up in a versatile way, such that this restriction
will be lifted in future work.

These types of FEM simulations are used for the
evaluation of our approach. To represent variable con-
ditions during manufacturing, we conduct a series of
simulations with variable values for the chamber tem-
perature Tamb, heat transfer coefficient αair representing
convective cooling, heat source introduced via the nozzle
hmax, cooling rate α, and bed temperature Tbed.

Fig. 1. Illustration of an intermediate rasterized geometries of the
calibration cube.

(2) Design of training dataset: In principle, one could
compose a training dataset by generating a large number
of simulations as described in the previous paragraph
– for each simulation varying the deposition sequence
and spatial pattern of added cubes. However, we have

seen in previous projects [8] that this direct approach
is very inefficient and the dataset lacks the variability
necessary to accurately generalize to a wide range of
unseen geometries. Instead, we construct a set of random
geometries by randomly placing cubes with side length
a = 0.4 mm on a baseplate (a detailed description of how
these systems are build and prepared for FE simulations
using open-source tools can be found in [8]).

(3) Physics-based ML model: In this study, we train a
fully-convolutional neural network (NN) to estimate the
temperature distribution within the 3D geometry with a
resolution of 0.4 mm (see Fig. 2 for an overview of the
training approach). We train the network to reproduce
the temperature distribution within the sample at any
given time instance ti. In this first version, we investigate
only a basic temperature monitoring scenario, where we
assume only the geometry and nozzle / bed temperature
are known. Thus, we use only geometrical / material
information and estimated heat distributions as input to
the NN. Thus, the inputs are the geometry at a given
time instance ti, the estimated heat source distribution
at ti based on the print path until ti (as described in
paragraph (1)), and the predicted full-field temperature
distribution for times t < ti.

In future work, we plan to investigate how the recon-
struction can be improved to better replicate more re-
alistic scenarios with unknown environment conditions
given additional sensory information as input, e.g. basic
sensor information like temperature measurements of
the ambient / chamber temperature or more advanced
setups including the surface temperature as obtained
from a thermal camera.

III. PRELIMINARY RESULTS & DISCUSSION

The NNs are trained using a 80 % : 20 % train-test split
of the training dataset. The training loss consists of a
normalized L1-loss combined with a physics-based loss
LH as a regularizer:

L = L1 + λLH . (1)

LH is derived from an integral formulation of the dis-
cretized transient heat equation similar to the one ap-
plied in [8]. Note, that in contrast to PINNs, the NN
training is not predominantly driven by the simplified
partial differential equation, but the physics-based loss
term LH is used as a regularizer (with λ = 10−4)
to improve generalizability. After training, the NN is
evaluated for the standard calibration cube at various
intermediate printing states and environment conditions.

The mean L1 error for the one-step prediction on the
test partition of the randomized dataset was below 0.1 %,
and maximum mean error below 4 %. Preliminary results
on the evaluation for the rasterized 3D printing geom-
etry suggest that errors below 10 % can be reasonably
achieved. The fully convolusional structure of the NN
assures a reasonably small number of parameters (less

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

20



Fig. 2. Overview of the training approach: A multi-layer fully convolutional NN (CNN) is trained based on a dataset of randomly distributed
blocks and heat sources (see left side) to reconstruct the temperature distributions from FE simulations (right side). The colors in the temperature
reconstructions represent temperature in K (see scale on the right). The training is driven by a combination of the normalized mean error per
system (L1 loss) combined with a physics-based regularization term.

than 10 million parameters). On a high-end GPU (on one
out of 18 identical shards of an NVIDIA A100 80GB PCIe
GPU with CUDA Version 12.4) the model achieves an
inference time of approximately 3 milliseconds [7] with-
out dedicated model optimization. The model is, thus,
well suited (after proper optimization) to be employed
for real-time monitoring.

Future work will focus on systematically investigating
the influence of available sensor data on the reconstruc-
tion quality, particularly under realistic and resource-
constrained conditions typical of industrial 3D AM se-
tups. To validate the proposed approach, we plan to
conduct controlled laboratory experiments with thermal
imaging and embedded temperature sensors to bench-
mark the virtual sensing predictions against ground
truth. In parallel, improvements to the geometry ras-
terization pipeline are essential to enable high-fidelity
reconstructions for complex, nontrivial part geometries
commonly encountered in practical AM applications.
Lastly, we aim to generalize the framework to support
multi-material processes.
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I. INTRODUCTION

Additive manufacturing (AM) significantly expands 
the freedom of design and individualization of 
components and assemblies in comparison to 
conventional processes [1]. However, there is a lack of 
technically and industrially usable AM processes for the 
production of tough materials made of wood and 
biobased raw materials that are available in large 
quantities from by-products of the wood and paper 
processing industry. Powder bed-based AM processes 
could close this gap with the binder jetting technology 
(BJ3DP). During the binder-jetting process, a powder 
based raw material is applied layer by layer and 
connected at selected areas by means of a binder [2]. 
Thus, binder jetting processes proceed at low 
temperatures which is crucial to circumvent degradation 
of wood fibers as a result of high energy input. Moreover, 
binder jetting is very well suited for industrial production 
due to large build spaces, high build rates and, above all, 
no support structures are required that must be removed 
as production waste. Another advantage of the binder 
jetting process is the possibility to use different binders 
applied via the print head. Thus, various mechanical and 
decorative properties can be achieved [3].  

BJ3DP is already in widespread use for pure and 
gypsum-filled polymers as well as for green body 
production of metal sintered parts [4]. However, bio-
based BJ3DP systems producing a bio-based material 
matrix, reinforcing fibers and fillers as well as binders 
have hardly been described in scientific literature so far 
and are missing on the market as designated process raw 
materials [5,6]. There is also a lack of bio-based 
infiltration resins which are used after removal of the 
component from the powder bed to close open porosity 
and increase mechanical properties. Thus, this work 
focuses on the material selection of biobased powders 
that can be used in the binder jetting process as well as 
suitable binders and infiltration resins. 

II. MATERIAL SELECTION

The material selection requires thorough screening of 
powders which can be processed in the 3D-printer and 
deliver the desired properties to the printed part. 
Characteristics such as flowability, bulk density, particle 
size distribution, and optical properties highly impact the 
processability. In this work, biobased powders, namely 
wood, cellulose and lignin powders of different particle 
sizes and modifications were considered as raw materials. 
Moreover, additives were investigated to improve the 
flowability or mechanical properties of the printed parts.  

The selection of the binder system opens up two 
possibilities. The first one is the application of a liquid 
binder which is applied via the printer nozzle to the powder 
bed. This method has the advantage of generating a denser 
product but brings the risk of clogging the printer nozzles. 
Moreover, only low viscous liquids can be used, which is a 
severe restriction to a wide range of biobased adhesives. 
The second possibility is the use of a powder binder which 
is mixed with the biobased raw material. Upon addition of 
a liquid via the printer nozzle this powder binder dissolves 
and adheres the powder particles upon drying. This 
method allows a wide range of binders and is especially 
interesting with regard to biobased materials where the 
viscosity is a limiting factor [3]. 

Selection of suitable infiltration resins is also required 
since the 3D printing process generates a green part with 
high porosity. In order to increase the density an infiltration 
process is inevitable. Important parameters of infiltration 
resins are low viscosity (<600 mPa.S) to achieve full 
permeation of the printed part, relatively low curing 
temperatures (<120 °C) to circumvent degradation of the 
biobased materials, the color, and the mechanical properties 
which are delivered to the final 3D printed part.  

III. METHODOLOGY

For the preselection of suitable powders and powder 
mixtures, the flowabilities and particle sizes were 
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investigated. Then, printing trials were performed with a
ProJet 660Pro 3D-printer from 3D SYSTEMS. During 
these experiments the behavior during layer and binder 
application was investigated. Based on these experiments
two powders, namely a microcrystalline cellulose and a 
very fine wood powder were selected for further 
experiments. 

In the next step, liquid as well as powder binders were 
investigated. For the development of a liquid binder,
solutions of water-soluble polymers such as polyvinyl
pyrrolidone (PVP) and polyvinyl alcohol (PVA) as well 
as a water/glycerine/isopropanol mixture were prepared,
and a surfactant was added to decrease the surface 
tension. Relevant properties such as dynamic viscosity, 
density, and surface tension were determined. Finally, an 
aqueous formulation based on PVP was developed which 
conforms in relevant parameters to the  liquid binder 
commercially used in the printer system. This
formulation was further used for contact angle 
measurements on the powder bed to investigate the 
interaction of the liquid binder with the powder during 
application [7]. 

For further testing of liquid binders and for the 
selection of powder binders an out-of printer screening 
method was established [8]. Thereby, the powder was 
mixed with the binder in a beaker. The resulting slurry 
was filled into cylindrical molds and left to dry at room 
temperature. The fabricated test specimens were 
investigated with respect to shrinkage, deformation, 
color, and compressive strength. Best results were 
obtained with PVP applied as powder binder (Figure 1). 
In further trials the concentration impact was studied. 
Moreover, this method was used to investigate if the 
addition of nanocellulose has a reinforcing effect on the 
printed material.

Fig. 1. Screening method for powder and binder selection. 
Powder/binder mixtures were filled into cylindrical molds (left) and 
dried at RT. Resulting test specimens (top: with PVP binder, bottom: 
with hydroxyethyl cellulose binder) were further characterized. 

After the screening process, 3D binder jetting trials 
were performed. These experiments showed that the 
selected powder/binder mixture can be processed in the 
printer and first green parts could be obtained (Figure 2). 
However, further adaptations of the printer software and 
hardware are required to fully exploit the possibilities of 
the selected materials. 

Fig. 2. Green part obtained by 3D binder jetting trials with the selected 
microcrystalline cellulose powder with PVP applied as powder binder. 

After the 3D printing process, a green part with high 
porosity is obtained. In order to increase the density, post-
processing is crucial. Therefore, commercially available 
resins, such as an epoxide resin, lauryl methacrylate (LM),
and isobornyl methacrylate (IBOMA), having a biobased 
content of 29%, 70%, and 72% respectively were tested.
Differential scanning calorimetry (DSC) was conducted to 
examine the curing behavior, and model-free kinetics were 
employed for the analysis. Then, test bodies which were 
obtained by the binder screening method described above 
were inserted into the infiltration resin. After curing, the 
test specimens were again examined with respect to color, 
shrinkage, deformation, and compressive strength. These 
experiments demonstrated that the infiltration process,
especially the epoxide resin, is able to increase the 
mechanical properties significantly. However, the epoxide 
resin leads to a yellow color stain which is not the case when 
IBOMA is used. 

IV.CONCLUSIONS AND FUTURE WORK

During this work, a screening method was established to 
select possible raw materials and binders for the binder 
jetting process based on biobased materials. Moreover, first 
printing trials were performed, and different infiltration 
resins were tested. Further work includes the evaluation of 
further materials and fine tuning of powder and binder 
mixtures as well as infiltration resins. Moreover, the 
adaptation of the 3D printer soft- and hardware plays a 
central role for better adjustment of the parameters to the 
biobased raw materials. 
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Abstract— Effects of the reuse of powder within the Laser 
Powder Bed Fusion process is one of the crucial questions for 
the ecological and economical sustainability of this additive 
manufacturing technology. This is especially the case for 
critical structural components and reactive materials like 
titanium alloy Ti6Al4V, which tends to pick up elements like 
Oxygen and Hydrogen leading to increased brittleness and 
porosity.  

However, the increase in oxygen stabilizes the alpha phase 
in titanium alloys, which is preferred for high temperature 
application as it is more resistant to hydrogen and oxygen 
pick up at higher temperatures than the beta phase.   

In the scope if this work the influence of the changing 
materials properties of Ti6Al4V, caused by powder reuse 
within the L-PBF process, on the high temperature tensile 
strength are investigated. 

I. INTRODUCTION

Ti6Al4V Grade 5 (Ti64) is the most widely used 
titanium alloy and is well established in additive 
manufacturing, especially Laser Powder Bed Fusion (L-
PBF). However, the L-PBF process requires large 
amounts of powder to fill the bed around the 
manufactured components, affecting the environmental 
footprint and its economic competitiveness. Therefore, 
the powder has to be reused several times to achieve a 
materials usage rate of over 90% from powder to finished 
product, compared to subtractive methods where, up to 
95% of the material ends up as scrap, as shown by Paris 
et al. [1], Morrow et al. [2] and Huang et al. [3]. 

This reuse procedure affects the material properties, 
however the measured impact varies in different studies. 
An overview of the results is given in Meier et al. [4], with 
a common finding of increasing oxygen levels. 

Especially in aerospace applications, such as gas 
turbine engines and adjected components, the strength of 
Ti64 at elevated temperature is of high interest since its 
density is nearly half of the otherwise used high-
temperature resistant Ni-Superalloys [6][7]. For 
classically wrought, forged, and machined Ti64, the 
maximal service temperature is limited by the poor 

oxidation resistance at temperatures higher than 400°C. An 
increased oxygen intake leads to the formation of α case, 
loss in ductility and fatigue strength [6][7]. Therefore, the 
MMPDS standard suggests its use up to 400°C [8], as do 
Lütjering and Williams [7].  

Ti64 processed by L-PBF establishes a non-equilibrium 
martensitic microstructure, which is more resistant to α 
case formation than equilibrium α +  microstructure [7]. 
While more brittle at room temperature it shows high 
strength combined with sufficient ductility at elevated 
temperatures [9]. Recently Viespoli et al. [10] investigated 
the fatigue and creep strength of as-build, martensitic Ti64 
samples at temperatures up to 600°C. While fatigue samples 
suffered from the surface defects also found in previous 
work on fatigue at room temperature [11][12], the impact of 
an ambient temperature was comparable to conventional 
processed materials [8]. Also the creep strength was foun 
do be similar by Viespoli et al. [10].  

Xie et al. [13] investigated fracture toughness, fatigue and 
tensile strength of the α +  alloy Ti6Al3Mo1Zr, with 
optimized heat treatments. Other research groups also 
investigate the properties of the near α Titanium Alloys Ti–
6.5Al–2Zr–1Mo–1V [14][15] and Ti6Al2Sn4Zr2Mo [16] 
conventionally used for high temperature application 
[6][7], as well as the metastable  alloy Ti-17 [17], known for 
improved fatigue properties. Though they exhibit excellent 
[14] [15] and promising [16] high temperature (tensile)
properties the processing (and heat treatment) itself is a lot
more challenging than for Ti64 [18][19].

Based on the work done in [4] and [9] this paper 
investigates the effect of reusing powder and the resulting 
changes in chemical composition on the high temperature 
tensile strength of the material.  
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II. METHODOLOGY

The methods applied for testing align with those found 
in in the previous work leading to this study [4][9]. 
Samples were produced on an EOS M280 L-PBF machine, 
with powder being reused 18 times in a single batch 
regime, under continuous control of the powder
(chemical composition and rheology) and bulk material 
properties (density, tensile and Charpy strength). Of 
these jobs, 15 reached an sufficient high to deliver useable 
vertical test samples. High temperature tensile tests were 
performed on an Gleeble 3800, with an adapted 
shortened specimen design shown in Figure 1a. This 
design ought to reduce the temperature gradient due to 
the direct resistance heating system in the Gleeble 
machine and by the overall reduced sample length allow
for vertical samples over a higher number of reuse cycles
[4]. Additionally, the design was optimized (notches) to 
use a Gleeble specific extensometer (C-gauge) system.
For temperature control thermocouples were welded to 
the center of the gauge length, and for selected samples 
at one or both end of the gauge length to measure the 
temperature gradient.

Fig. 1. Test specimen design for tensile test. a) shortened Gleeble 
3800 specimen, b) long specimen for Gleeble with gauge length 

according to ASTM E8, c) ASTM E8 specimen for Zwick Roll, and d) 
ASTM 21 specimens for Instron machine

Test were performed at room temperature, 120°C and 
400°C for stress relieved (SR) and furnace annealed 
(FA) samples, for virgin powder and after 4, 6, 8, 10, 12, 
13, 14, and 15 reuse cycles. The number of successfully 
tested samples for can be found in the test matrix (Table 
1). For virgin powder test shortened (Fig 1a), standard 
ASTM E8/21 (Fig 1c & d), and ASTM E8 based 
specimen modified for Gleeble clamping (Fig. 1b) were 
performed to ensure comparability. Based on the 
measured temperature gradients in the previous work 
[9] short specimen geometry was used for tests at 400°C
while the long samples were used at 120°C.

Tab. 1. Experimental matrix
Reuse 
Cycles

Temper
ature

Specimen and Heat Treatment
Gleeble
Short

Gleeble
Long

ASTM 
E8/E21

S
R

F
A

S
R

F
A

S
R

F
A

Virgin RT 2 3 5 5

(25°C)
90 2 5 - 5
120 1 1 - 5 - 5
200 2 3 - -
300 2 2 - -
400 2 2 2 2 - -
500 3 3 - -

4 120 2
400 2 2

6 120 2 2
400 2 2

8 120 2 2
400 2 2

10 120 2 2
400 2 2

12 120 3 2
400 2 2

13 120 1 2
400 2 1

14 400 2 2
15 400 2 2

III. RESULTS

Influence of the specimen geometry
Using specimens with shorter gauge length helps to 
overcome the issue of an increasing temperature gradient
ΔT with higher test temperatures that occurs in the Gleeble 
machine. Compared to a ΔT of 108°C at 400°C test 
temperature for the long specimen design, the reduced 
gauge length shows a ΔT of only 19°C at the same test 
temperature, see Figure 2.

Fig. 2. Temperature measured at the thermocouple sensor placed in the 
middle (C1) and at the end (C2) of the gauge length for short and long 
specimen design

Figure 3 depicts strain curves at 120°C and 400°C for both 
specimen designs and heat treatments, and Figure 4 the 
ultimate tensile strength in comparison with MMPDS limits.
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Fig. 3. Stress strain curves for long and short specimens at RT, 120°C 
and 400°C

Fig. 4. Yield and ultimate tensile strength for different specimen 
design, heat treatment over the temperature, in comparison to 
MMPDS standards

At a test temperature of 400°C for which the short 
specimens design was intended ultimate tensile strength 
and yield strength are not significantly influenced by the 
specimen’s gauge length. The elongation at break for short 
specimens however is reduced compared to the long 
design. From the measurement data a rough correlation of 
5-10% higher max strain for the longer design can be
assumed, but for an empiric proof and mathematical
model more data is needed (Figure 5).

Fig. 5. Elongation at break for different specimen design, heat treatment 
over the temperature, in comparison to MMPDS standards specimen 
design

At 120°C yield strength is comparable while ultimate tensile 
strength is higher but the elongation significantly shortened. 
The reason for this may be due to the notches implemented
for the additional gauge of the Gleeble system.
In both cases the non-linear behavior in the first fifth of the 
stress strain curves is caused by the conical clamping system 
used in the Gleebe machine, hence the values for the 
maximal strain have to be adapted accordingly.
Change in chemical composition
Table 2 shows the impact of the reuse cycles on the chemical 
composition of the powder. As described in the previous 
work [4], the increase of oxygen is caused by increasing
oxide layers on the powder particles surface rather than 
dissolved oxygen inside the particles.

Tab. 2. Chemical composition of the powder over the reuse cycles [4]
Build 
Job

Al H N O Ar

[wt. %] [ppm] [wt. %] [wt. %] [ppm]
Virgin 6.36 38 0.014 0.14 0.05
1 6.32 33 0.014 0.14 0.26
5 6.31 36 0.015 0.15 0.26
10 6.29 37 0.010 0.14 0.26
15 6.28 36 0.012 0.14 0.29
18 6.28 39 0.015 0.16 0.33
Limits
Grade 
5 
(ASTM 
B265)

5.50-6.50 125 0.05 0.20 100

Microstructure
This growing oxide layer leads to a marginal drop in 
material density but no visible change in microstructure (Fig 
6). With the available means of scanning electron 
microscopy, the traces of titanium oxide could not be 
detected.

Fig. 6. Microstructure after 1, 5, 10, 15, and 18 reuse cycles for stress 
relieved specimen and for furnace annealed samples [4]

High temperature tensile properties
Figure 7 depicts the yield and ultimate tensile strength at RT, 
120°C and 400°C over the reuse cycles, while Figure 8 shows 
stress strain curves optioned at 120°C (long specimen 
design) and Figure 9 at 400°C (short specimen design). In
both figures results for stress relieved and furnace annealed 
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samples can be found.

Fig. 7. Ultimate tensile and yield strength for, RT, 120° and 400°C over 
13 (long specimen) and 15 reuse cycles (short specimen)

Fig. 8. Stress strain curves short specimens at 400°C in stress and 
furnace annealed condition for different reuse states.

At room temperature no measurable influence of the 
reuse on the tensile strength was observed [4]. Similar to 
this, at the temperatures of 120°C and 400°C the reuse 
cycles show no significant effect on the tensile properties.
Therefore, the measured increase in titanium oxide on the 
powder particles does not have an impact on the tensile 
strength in the investigated temperature window. As 
shown in the work before the martensitic microstructure 
leads to higher strength at elevated temperature with 
comparable ductility at 120°C and 400°C.

Hence the reuse of powder shows no significant impact 
on the tensile properties of Ti64 within the useable 
temperature range suggested in standards and literature

Fig. 9. Stress strain curves short specimens at 400°C in stress and furnace 
annealed condition for different reuse states.

IV. CONCLUSIONS AND FUTURE WORK

The short specimen design introduced in this work
allows to reduce the temperature gradient in samples 
from materials with low thermal conductivity in the 
Gleeble system. The design proves useful for higher 
temperatures with comparable results for yield strength 
and ultimate tensile strength and a correlating elongation 
at break, however, at lower temperatures only yield 
strength values could be directly compared. Ultimate 
tensile strength was higher while the maximal strain was 
significantly lower. This might be due to the notches in 
the design implemented to hold the Gleeble specific 
extensometer. Additional investigations are needed to 
clear these issues.

To receive results overall comparable to ISO/ASTM 
standards it is necessary to perform according 
standardized benchmark tests. A higher number of test 
data would help to establish an empirically approved 
formula especially needed for the correlation of the 
maximal strain between the different gauge lengths. 

For the economically crucial topic of powder reuse in 
L-PBF the results show that the reuse of powder has no
significant impact on the high temperature tensile
properties of Ti64 within the allowed temperature range
suggested in standards and literature. Of course, this can
only be achieved with accurate process and material
handling, quality powder feedstock and in standardized
working conditions. Therefore, a regular monitoring of
these influence factors and the achieved material
properties is necessary.

Concerning the high temperature strength of Ti64 
processed by L-PBF a number of questions remain open 
for future research:

Similar as found in the studies for α-Titanium alloys
the heat treatment of Ti64 could be optimized for high 
temperature applications. Additionally, a deeper 
investigation of creep and fatigue properties at elevated 
temperatures might be necessary, also in connection with 
process parameters, as the trend towards larger layer 
thicknesses for productivity increases the as-build grain 
size.
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    For the possible application of L-PBF processed 
Ti64 at temperatures above 400°C the stability of the 
favorable martensitic microstructure at the desired 
working temperatures has to be studied. 
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Abstract—This research aims to address the performance 
gap between traditional synthetic fiber composites and their 
natural counterparts by tailoring the mechanical and 
functional properties of bio-composites, with a particular 
focus on bio-based polymer matrices TPU reinforced with 
natural and carbon fibers. The goal is to develop sustainable 
materials for functional applications in the medical field 
(e.g., prosthetics and orthotics), utilizing fused deposition 
modeling (FDM) as a flexible and personalized 
manufacturing method. 

I. INTRODUCTION

Fiber-reinforced polymer (FRP) composites have 
become an important part of modern materials science 
due to their good strength-to-weight ratio, corrosion 
resistance and design flexibility. Thermoplastic-based 
FRPs are particularly promising as they are recyclable, 
processable and compatible with advanced molding 
processes such as 3D printing. In recent years, the 
integration of natural fibers into polymer matrices (N-
FRP) has gained momentum. This has been driven by 
environmental concerns, the growing interest in bio-
based materials and the principles of the circular 
economy [1,2]. 
Natural fibers offer several advantages over conventional 
reinforcement materials such as glass or carbon fibers, 
including low density, renewability, biodegradability 
and cost efficiency [3]. However, their wider application 
is often limited by problems such as moisture absorption, 
variations in fiber quality and poor interfacial adhesion 
with hydrophobic thermoplastic matrices [4]. Research 
has shown that the incorporation of natural fibers into 
thermoplastic matrices can significantly improve tensile 
and flexural strength, modulus and hardness - but 
usually at the expense of lower impact strength and 
ductility [5,6]. There is usually an optimum content of 
fibers beyond which the mechanical properties tend to 
plateau or deteriorate due to poor dispersion or 

saturation of the matrix [7]. 

The mechanical performance of composite materials is 
influenced by several parameters, including the volume 
fraction of fibers, their length, orientation and the 
interfacial bonding between fiber and matrix. Studies 
confirm that even short carbon fibers (CF) and natural 
fibers, when used correctly, can improve the modulus and 
strength of bio-based thermoplastic matrices such as TPU 
or PLA [5,6,8]. For example, composites with 5–15 wt% 
carbon fibers show significant increases in stiffness and 
tensile strength, especially when longer fibers (~150 m) 
are used [5]. For natural fibers such as kenaf or hemp, the 
optimum proportion is typically between 20–30 wt% and 
offers a good balance between mechanical performance 
and processability [6]. However, the degree of 
reinforcement strongly depends on the compatibility 
between fibers and matrix. A variety of surface 
modification techniques including alkaline treatment, 
silane coupling and plasma treatment have been 
investigated to improve interfacial bonding and reduce 
water absorption [4,7]. 

II. ADDITIVE MANUFACTURING OF BIOCOMPOSITES

Additive manufacturing (AM), particularly the Fused 
Filament Fabrication (FFF) process, offers a promising 
route to produce customized, lightweight and functional 
parts from bio-composites. While FFF offers great design 
freedom and material efficiency, it also brings new 
challenges, such as fiber breakage during extrusion, 
anisotropy, layer delamination and porosity. These factors 
are influenced by printing parameters such as nozzle 
temperature, filling density, printing speed and layer 
height [9].  

Despite the increasing interest in bio-composites for AM, 
most studies focus on isolated aspects such as tensile or 
thermal behavior and often neglect the broader interactions 
between material formulation, printing process and the 
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functionality of the finished part. There is a lack of 
integrated methods linking materials design, extrusion 
processing and AM performance, especially for real-
world applications [10].

III. APPLICATION CASE: FIBER-REINFORCED TPU FOR
ORTHOTIC INSOLE

This study focuses on the development of bio-based 
TPU composites reinforced with carbon and cellulose 
fibers and aims at applications in customized orthopedic 
insoles. TPU is widely used for orthopedic insoles due 
to its elasticity, softness and biocompatibility, but its low 
stiffness and limited wear resistance reduce its 
durability in long-term use. Fiber reinforcement offers a 
way to mechanically improve TPU while maintaining 
sufficient flexibility for comfort.

A total of six composite formulations of bio-based 
TPU with 10, 15 and 20 wt% carbon or cellulose fibers 
were produced using a co-rotating twin-screw extruder. 
To ensure consistency and minimize moisture-related 
defects, the composite pellets were dried at 80 °C for 12 
hours prior to extrusion. Filaments with a diameter of 
1.75 mm were produced using a special extrusion line 
and then printed using the FFF 3D printing process to 
prepare standardized test specimens for mechanical 
analysis, which were evaluated using tensile,
compression tests and Shore A hardness measurements.
Since insoles need to consist of regions with different 
mechanical requirements, e.g. hardness, we printed 
compression test specimens with different infill (15 %, 
40 %, 60 %, and 95 %).

The tensile tests showed that both carbon and cellulose 
fibers enhanced the tensile modulus of elasticity 
compared to neat TPU. The composites of carbon and 
cellulose fibers showed the most significant 
improvement in stiffness, with the formulation 
containing 20 wt% fibers achieving the highest tensile 
modulus (Fig. 1). However, the sample with 20 wt% 
fibers showed the most signs of embrittlement, which 
was reflected in a lower elongation at break (Fig. 2). An 
increase in fiber content results in a continuous rise in 
tensile modulus, accompanied by a reduction in 
elongation at break.

Fig. 1. The effect of fiber content in TPU composites on the tensile 
modulus.

Fig. 2. The effect of fiber content in TPU composites on the elongation 
at break (tensile test).

Compression tests were performed on test specimens 
with 10, 15 and 20 % by weight carbon (a) and cellulose 
fibers (b) and with different infills (15, 40, 60 and 95 %). 
Fig. 2 shows that increasing the infill percentage leads to 
an exponential increase in the compression modulus for 
both fibers. The highest compression modulus was 
achieved at 15 wt% reinforcement for all composite 
samples produced (Fig. 3). It was also found that the best 
balance between stiffness and ductility was at 15 wt%.
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Fig. 3. Effect of fiber content in TPU–Carbon (a) and TPU–Cellulose 
(b) composites and infill percentage on compressive modulus

Shore A hardness increased with fiber content for 
both carbon and cellulose fibers composites (Fig 3). TPU 
+ 20% carbon fibers by weight showed the highest Shore
A value, indicating improved resistance to surface
indentations - important for load-bearing orthopedic
applications.

…………………….      

…………………….
Fig. 4. The effect of fiber content in TPU composites on the Shore A 

hardness.

IV. CONCLUSIONS AND FUTURE WORK

This study demonstrates the potential of bio-based 
TPU composites reinforced with carbon and cellulose 
fibers for additive manufacturing applications. Using a 
co-rotating twin-screw extruder, filaments containing 
10–20% by weight of one of the two fiber types were 
successfully produced and processed into test specimens 
using FFF 3D printing. Mechanical tests showed that 
both fiber types significantly improved the tensile and 
compression properties, with the clearest improvements 
being observed at a proportion of 15% by weight. Shore 
A hardness also increased with fiber content.

The carbon fiber composites consistently 
outperformed their cellulosic counterparts in terms of 
modulus and strength, while cellulose-reinforced TPU 
exhibited better ductility. These results confirm that it is 
possible to control mechanical performance via fiber 
type and fiber content, making such composites suitable 
for customized, functional components- such as 
orthopedic insoles- produced by 3D printing.

Future work will focus on evaluating long-term 
performance under cyclical loading to simulate real-
world use conditions, as well as further optimizing 
printing parameters and integrating fibers from waste 
materials to improve recyclability. 
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Abstract—Origami-inspired metamaterials enable 
lightweight, reconfigurable structures with tunable 
properties. The Kresling pattern is of particular interest for its 
bistability and potential to realize quasi-zero stiffness (QZS) 
behavior. In this work, Kresling specimens were fabricated 
from thermoplastic poly(urethane) (TPU) using fused 
filament fabrication (FFF) and modified by silicone 
overcasting with poly(dimethylsiloxane) (PDMS) layers of 
varying thickness and hardness. Uniaxial compression tests 
showed that PDMS encapsulation increases overall stiffness 
and load-bearing capacity but reduces the extent of the QZS 
region. Infill density variations provided an additional means 
of tuning: lower densities promoted broader QZS regimes, 
while higher densities enhanced stiffness at the expense of 
tunability. The results demonstrate that combining additive 
manufacturing with silicone encapsulation and infill design 
offers complementary strategies to program the mechanical 
response of Kresling structures. This hybrid approach enables 
the development of origami-based metamaterials tailored for 
vibration isolation, damping, and soft robotic applications. 

I. INTRODUCTION

Origami-inspired metamaterials use folding principles 
to achieve lightweight, reconfigurable, and tunable 
structures [1], [8], [9]. The Kresling pattern is a well-
studied example, notable for its bistability and 
collapsibility [2], [3], [6]. These features make it relevant 
for deployable systems, damping, and soft robotics [7], [9]. 

Additive manufacturing (AM), especially fused 
filament fabrication (FFF), extends origami research 
beyond paper or thin films [4], [5]. Flexible thermoplastic 
poly(urethane) (TPU) allows Kresling structures that 
combine elasticity with geometric stability. However, 
most 3D printed prototypes remain monolithic, limiting 
their mechanical tunability. 

Quasi-zero stiffness (QZS) is particularly attractive for 
vibration isolation, damping, and adaptive devices [3], 
[4]. In this regime, a structure maintains stability while 
offering minimal resistance over part of its deformation 
range. Kresling geometries can realize QZS, but the effect 
is highly sensitive to geometry, material, and fabrication 
method. 

Prior work has largely addressed idealized models or 
single-material Kresling structures [2], [6]. While QZS 

behavior is recognized, its precise modulation is difficult. 
The influence of infill design in printed walls is also 
underexplored, and the role of soft encapsulation with 
silicone remains largely unstudied. 

This study fabricates Kresling structures in TPU using 
FFF and applies silicone overcasting to tune QZS regions. 
Different wall infill patterns and density are also tested to 
evaluate their effect on stiffness and deformation. The 
approach integrates AM with soft encapsulation and 
geometric tuning. 

II. EXPERIMENTAL
Parametric CAD models of Kresling structures were created 
to vary polygon type, side angle, wall thickness, and height. 
For this study, hexagonal and octagonal patterns with a 
diameter of 35 mm, wall thickness of 1 mm, and height of 20 
mm were selected as reference geometries. 
The specimens were produced by FFF using a Rat Rig Core 
v4 500 printer equipped with a 0.6 mm nozzle. TPU (Extrudr 
Medium) was processed at 240 °C with a 50 °C heated bed. 
To investigate the influence of wall architecture, infill 
density was varied between 5% and 50% in 5% steps. 
Encapsulation was performed by overcasting the printed 
structures with poly(dimethylsiloxane) (PDMS). Two 
formulations were employed: Dragon Skin 30 (Shore A30, 
Smooth-On Inc.) and Ecoflex 00-30 (Shore 00-30, Smooth-On 
Inc.). The PDMS layer thickness was varied from 1 mm to 4 
mm in steps of 1 mm. 
Mechanical characterization was carried out under 
displacement-controlled uniaxial compression using a 
Zwick Roell LTM 10t multiaxial testing system. Force–
displacement data were recorded to evaluate stiffness, 
deformation behavior, and the extent of the QZS region. 

III. RESULTS
Compression tests highlight the influence of silicone 
encapsulation on the mechanical response of the TPU  
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Kresling structures. Figure 1 compares the force–
displacement behavior of a hexagonal Kresling with and 
without a 4 mm Ecoflex 00-30 layer. Both specimens 
exhibit similar stiffness prior to the onset of the quasi-zero 
stiffness (QZS) region. However, the encapsulated 
structure shows a notably higher force level throughout 
loading and a QZS range reduced by nearly 50%. 
The increase in overall compression force is attributed to 
the effective thickening of the walls by the PDMS layer, 
which restricts deformation. While this reduces the 
displacement interval over which QZS is observed, it 
enables higher load-bearing capacity. These results 
confirm that combining TPU with softer PDMS allows for 
tailoring the balance between compliance and stiffness. 
Preliminary tests on different infill densities further 
suggest that wall architecture significantly affects force 
levels and the stability of the QZS regime. Lower infill 
densities promote broader QZS ranges, while higher 
densities increase overall stiffness at the cost of reduced 
tunability. Together, the findings demonstrate that both 
silicone encapsulation and infill design provide 
complementary levers to program the mechanical 
response of Kresling structures. 

Fig. 1. Force – compressive displacement curves of the TPU Kresling 
pattern in comparison to the influence of a 4mm thick PDMS (Ecoflex 00-
30) encapsulation. The PDMS-Layer causes a decrease of the QZS range 
and an increase in the overall compression force compared to the TPU 
structure without PDMS.

IV. CONCLUSIONS AND FUTURE WORK

This study demonstrates that additively manufactured 
Kresling structures in TPU can be effectively modified 
through silicone encapsulation and infill design to alter 
their mechanical response. Compression tests revealed 
that PDMS layers increase overall stiffness and reduce the 
range of quasi-zero stiffness, while maintaining the 
potential for tunable behavior. The combination of flexible 
3D printing and soft overcasting thus provides a viable 
pathway to engineer structures with tailored deformation 
and stiffness characteristics. 
Future work will focus on systematically mapping the 

influence of PDMS thickness, material properties, and infill 
geometries on the quasi-zero stiffness regime. Additional 
efforts will be directed toward cyclic loading tests to assess 
durability, and toward integrating these hybrid structures 
into application scenarios such as vibration isolation, 
damping, and adaptive soft robotic components. 
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Quality monitoring of composite products and 
especially of wooden composites requires the development 
of low-cost and stable sensors, which can be applied directly 
on surfaces or on thin carrier substrates. We present an 
innovative and new strain sensor fabrication method, 
applicable on wood and paper substrates, including the 
development of suitable electrically conductive 
thermoplastic filaments for extrusion-based Fused Layer 
Modeling (FLM) printing on very thin and flexible paper 
substrates. 

I. INTRODUCTION

For a successful embedding of sensors into 
thermoset composites, it is advantageous to develop thin 
and flexible sensors. Therefore, thin cellulosic papers are 
very suitable substrates. Considering the need 
for sustainable production, additive manufacturing 
techniques are also emerging to allow freedom in 
the design of sensor structures. While relatively new 
in the field of electronics, 3D printing is becoming 
more available for specialized applications. One benefit 
of digitally printed electronics is that they are easier 
processable than photochemically prepared 
components. The selection of an additive 
manufacturing technology instead of analogous 
screen-printing can avoid the demand for printing inks 
and the high demand for fossil-based solvents and 
cleaning agents. 

In the presented approach, extrusion based 
FLM printing is applied for the development of thin 
strain sensors on cellulosic paper. Currently, only a few 
extruded filament types for printing of electrically 
sufficient conductive materials are available on the 
market [1]. The requirements for such filaments 
include sufficient processability, high and reliable 
electrical conductivity, and sufficient chemical and 
thermal stability of the printed conductive structures. 

Limited choices in FLM feedstock materials hinders 
the applicability to new industrial fields; various 
types of relatively expensive functional fillers (carbon 

nanotubes  CNTs, graphene) were used [2]. 
Readily accessible filaments with electrical 
conductivity exist, but they are still scarce, so FLM 
applications in the electronic field are limited. As one 
example with superior electrical performance, 
filaments based on PLA, traditional CNTs and lignin 

solution mixing 
and melt blending [3]. However, the introduction of a 
plasticizing additive, lignin, was required. PLA has 
drawbacks for this application, such as lower ductility 
and its electrical insulating properties. 

The potential variability of functional fillers 
and thermoplastic matrices adds complexity to the 
printing process as it differs from one filament to another; 
but these different properties can open the door to 
high potential applications. Commercially available 
conductive FDM filaments are currently based on PLA or 
TPU combined with either traditional carbon-black, 
graphene or CNTs [4]. These mentioned filaments 
can be used for EMG (electromyography) 
sensing, printing of electrodes, for strain or force sensors 
(resistive, capacitive or piezoresistive types) and even for 
the printing of antennas. Strain gauges can be further 
integrated into 3D printed prosthetic devices or into soft 
actuators in robotics, for haptic and touch feedback [5]; or 
they can be used for structural monitoring of different 
composite materials. 

The specialized development of conductive filaments for 
sensor-based applications on thermoset composites include 
the following steps: twin screw compounding of a 
thermoplastic polymer with commercial conductive carbon 
fillers, filament extrusion, 3D printing of a resistive sensor 
on cellulosic paper, fixation on a composite and sensor 
validation during several loading cycles.  

The aim of this study was to show the potential of 
solvent-free additive printing as manufacturing method 
for strain sensors required for structural health 
monitoring in the automotive sector. Therefore, different 
thermoplastic polyamide matrices (PA12, PA10.10, PA6) 
and conductive carbon black fillers have been selected 
(carbon black types, ENSACO and one Multiwall carbon 
nanotube MWCNT containing masterbatch Plasticyl 
PP2001).  

II. EXPERIMENTAL WORK
Thermoplastic PA matrix has been compounded with 

different conductive fillers (diverse types of conductive 
carbon black, ENSACO) by using a parallel, co-rotating 
twin-screw compounder (20mm screw diameter).
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PA type and filler type, the content of the filler 
was varied and optimized to obtain sufficient elastic 
and as well electrically conductive compounds. 
Throughput was between 1.2-3kg/h.  

Compounds with a filler content between 20wt% and 
40wt% were used for the subsequent filament extrusion. 
For this step, a conical, counter-rotating twin screw 
extruder was used in combination with a melt pump. 
Mass pressure was between 15-50bar. The filament 
passes through a water bath to cool down the filament 
temperature and to maintain its diameter at 1.75 mm, 
which is controlled after the cooling step. In the 
subsequent step, the filament is wound onto a spool with 
a constant pulling speed of 11m/min (Fig. 1).  

Fig. 1. Winding of extruded filament for FLM printing. 

During the FLM printing at a Prusa i3 MK3S onto very 
thin cellulosic paper, the following printing parameters 
were used: an extruder temperature of 275°C, bed 
temperature of 30°C, printing speed of 5mm/s and a layer 
height of 0.3 mm. For the printing of conductive sensors, 
a continuous meander type structure was chosen (Fig. 2). 

Fig. 2.  Meander structure of resistive strain sensor,  
FLM printed on thin cellulosic papers. 

For their evaluation, first cyclic tensile tests were 
performed on the 3D printed sensors. 6 most promising 
formulations were selected for these tests. Second, for 
flexural and cyclic bending tests, the printed paper 
sensors were laminated onto a fiber board using epoxy 
resin (Fig. 3).  

III. RESULTS

Melt strands with brittle properties were excluded from 
filament extrusion, as they lack the necessary flexibility and 
elasticity. For the selected PA6 matrix, an increase of the 
filler content was required to enhance conductivity, and it 
compromised the elasticity needed for successful filament 

production. With the selected PA10.10 polymer, conductive 
compounds and filaments could be successfully prepared 
with a filler content of 20% and 30%. With the selected PA12 
polymer, conductive and elastic compounds were prepared 
with a filler content of 30%.   

In contrast to commercial thermoplastic polyurethane TPU 
or polylactic acid (PLA) based filaments, the developed PA12-
based 3D printed sensors responded successfully after the 
lamination process. This improved chemical and thermal 
stability is derived from the change to a polyamide matrix 
material. During flexural load, the baseline decreased during 
the first 5 cycles and stayed constant afterwards (Fig. 4).  

Fig. 3. 3D printed paper-based sensor,  
laminated with epoxy resins on a fiberboard. 

Fig. 4. Strain sensor evaluated via 3-point flexural testing.  
(filament: PA12-30% ENSACO 250G filled). 

IV. CONCLUSION

Such easily printable and sufficient electrically conductive 
filaments can be used as a low-cost solution for the preparation 
of 3D FLM printed stable sensors. Potentially, the printing of 
different sensor types can be carried out in the future by using 
fully biobased and biodegradable thermoplastic materials. 
Conductive carbon-based fillers could be available as well 
from different plant based or recycled precursor materials.  

3D FLM printing can be a successful possibility to establish 
new production processes in the field of sensorics and 
electronics. R&D steps in higher TRL levels will be required to 
develop promising and subsequently market-ready 
prototypes. 

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

37



ACKNOWLEDGEMENT 
The study was part of the COMET Module i³ Sense 

project: the Exploration of intelligent, integrated and 
impregnated cellulose-based sensors for load-bearing 
materials in construction, automotive, and sports 
industries. I³ Sense is a COMET Module within the 
COMET – Competence Centers for Excellent 
Technologies Program and funded by BMK, BMAW. 
COMET is managed by FFG. For the 3D FLM printing 
many thanks go to Master student Debasish Tamuli 
who performed a part of this work during his thesis; 
and as well to our colleagues Melanie Steiner for 3D 
printings and sensor validation; as well as to Mrs. Beste 
Kocoglu for data preparation and to Konrad 
Wipplinger for performing the compounding and 
extrusion process.  

REFERENCES 
[1] H. Watschke, K. Hilbig and T. Vietor, “Design and Characterization 
of Electrically Conductive Structures Additively Manufactured by 
Material Extrusion.” Article in Applied Sciences, Vol. 9, 2019. Available: 
https://www.mdpi.com/2076-3417/9/4/779 
[2] PM Angelopoulos, M Samouhos, M Taxiarchou. Functional fillers in 
composite filaments for fused filament fabrication; a review. Materials 
Today: Proceedings, Vol. 37, Part 4, 2021,4031-4043, ISSN 2214-7853, 
https://doi.org/10.1016/j.matpr.2020.07.069. 
[3] Lage-Rivera, S.; Ares-Pernas, A.; Becerra Permuy, J.C.; Gosset, A.; 
Abad, M.-J. Enhancement of 3D Printability by FDM and Electrical 
Conductivity of PLA/MWCNT Filaments Using Lignin as Bio-
Dispersant. Polymers 2023, 15, 999. 
https://doi.org/10.3390/polym15040999 
[4] Aloqalaa, Z. Electrically Conductive Fused Deposition Modeling 
Filaments: Current Status and Medical Applications. Crystals 2022, 12, 
1055. https://doi.org/10.3390/cryst12081055 
[5] Elgeneidy K, Neumann G, Jackson M and Lohse N (2018) Directly 
Printable Flexible Strain Sensors for Bending and Contact Feedback of 
Soft Actuators. Front. Robot. AI 5:2. doi: 10.3389/frobt.2018.00002 

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

38



The effect of the number of thermal cycles on the 
mechanical properties of parts fabricated by laser 

powder bed fusion 
Snehashis Pal1,2*, Tonica Bon ina1, Gorazd Lojen1, Erika Švara Fabjan3, Tomaž Brajlih1, Nenad Gubeljak1, 

Matjaž Finšgar2, Igor Drstvenšek1

Faculty of Mechanical Engineering, University of Maribor, Maribor, Slovenia1 
Faculty of Chemistry and Chemical Engineering, University of Maribor, Maribor, Slovenia2 

Slovenian National Building and Civil Engineering Institute, Ljubljana, Slovenia3  
Corresponding Author: snehashis.pal@um.si

Extended Abstract—

 

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

39



ACKNOWLEDGEMENT 
The authors are grateful to the Slovenian Research 

and Innovation Agency for supporting this research. 
The grant numbers are P2-0118, P2-0137, P2-0157, P2-
0120, P2-0273, J1-2470, J1-2471, J1-4416, J7-4636, J7-
50226, J7-50227, J1-60015, J7-60120, and I0-0029. 

REFERENCES 
[1] S. Pal, M. Finšgar, T. Bon ina, G. Lojen, T. Brajlih, and I.

Drstvenšek, “Effect of surface powder particles and
morphologies on corrosion of Ti-6Al-4 V fabricated with different
energy densities in selective laser melting,” Mater. Des., vol. 211,
p. 110184, 2021, doi: https://doi.org/10.1016/j.matdes.2021.110184.

[2] J. Yang, H. Yu, J. Yin, M. Gao, Z. Wang, and X. Zeng, “Formation
and control of martensite in Ti-6Al-4V alloy produced by 
selective laser melting,” Mater. Des., vol. 108, pp. 308–318, Oct. 
2016, doi: http://dx.doi.org/10.1016/j.matdes.2016.06.117.

[3] S. Pal et al., “Fine martensite and beta-grain variational effects on
mechanical properties of Ti–6Al–4V while laser parameters 
change in laser powder bed fusion,” Mater. Sci. Eng. A, vol. 892,
p. 146052, 2024, doi: 10.1016/j.msea.2023.146052.

[4] S. Pal, G. Lojen, V. Kokol, and I. Drstvensek, “Evolution of 
metallurgical properties of Ti-6Al-4V alloy fabricated in different 
energy densities in the Selective Laser Melting technique,” J.
Manuf. Process., vol. 35, pp. 538–546, Oct. 2018, doi: 
10.1016/j.jmapro.2018.09.012.

[5] L. C. Chuang, K. Maeda, K. Shiga, H. Morito, and K. Fujiwara,
“A {112} 3 grain boundary generated from the decomposition of 
a 9 grain boundary in multicrystalline silicon during directional
solidification,” Scr. Mater., vol. 167, pp. 46–50, 2019, doi: 
10.1016/j.scriptamat.2019.03.037.

[6] F. Lin, Y. Zhang, A. Godfrey, and D. Juul Jensen, “Twinning 
during recrystallization and its correlation with the deformation 
microstructure,” Scr. Mater., vol. 219, p. 114852, 2022, doi: 
10.1016/j.scriptamat.2022.114852.

[7] T. Watanabe, “Approach To Grain Boundary Design for Strong 
and Ductile Polycrystals.,” Res Mech. Int. J. Struct. Mech. Mater.
Sci., vol. 11, no. 1, pp. 47–84, 1984, [Online]. Available:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0021214565&partnerID=40&md5=a5aa791020bf2a001b7307973918
785a 

[8] Z. Wang et al., “Additive manufacturing of a martensitic Co–Cr–
Mo alloy: Towards circumventing the strength–ductility trade-
off,” Addit. Manuf., vol. 37, p. 101725, 2021, doi:
10.1016/j.addma.2020.101725. 

[9] R. Turrubiates-Estrada, A. Salinas-Rodriguez, and H. F. Lopez,
“FCC to HCP transformation kinetics in a Co-27Cr-5Mo-0.23C 
alloy,” J. Mater. Sci., vol. 46, no. 1, pp. 254–262, 2011, doi:
10.1007/s10853-010-4969-3. 

[10] B. S. Lee, H. Matsumoto, and A. Chiba, “Fractures in tensile
deformation of biomedical Co-Cr-Mo-N alloys,” Mater. Lett., vol. 
65, no. 5, pp. 843–846, 2011, doi: 10.1016/j.matlet.2010.12.007.

Proceedings of the 1st International Conference on Research and Industrial Advances in Additive Manufacturing 2025

40



© FTPO & SANS


